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Abstract 
Large output power, compactness and lightness in weight are indispensable for vehicular engines [1]., 
[2].  An experimental study for large output power, high thermal efficiency and near-zero emissions 
without any exhaust gas after-treatment was carried out by using a small 3-cylinder, 4-stroke hydrogen 
fuelled direct injection engine converted from a gasoline direct injection engine with a 660 cc  
displacement and the compression ratio of 9.1, thanks to the properties of hydrogen fuel for internal 
combustion engines such as the wide flammable limits, the extremely high burning velocity, the 
antiknock together with near-zero NOx emissions on the lean mixture operation. 
      
© 2012 Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of Canadian Hydrogen and Fuel Cell Association 
Keywords:  Hydrogen; Internal combustion engine; Output power; Thermal efficiency; NOx emissions; Supercharging; 
Compression ratio 
1. Introduction  
The indispensable requirements for automobile engines are high output power, lightness in weight,
compactness and low cost which have been realized by the conventional internal combustion engine 
vehicles such as gasoline and diesel engine ones.  However, the vehicles have brought about the problems 
of the depletion of fossil fuel and the global warming these days.  Hydrogen is a promising fuel for 
internal combustion engines because of the wide flammable limits, great burning velocity even in lean 
mixture, the property of anti-knocking in lean mixture, near-zero NOx emission also in lean mixture and 
the large output power by direct injection [3].  To make the best use of these properties of hydrogen in 
lean mixture, supercharging is required to increase the output power definitely in lean mixture much 
more.  But it is conceivable that the supercharging may cause the problems such as abnormal combustion 
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and large NOx emission in the exhaust gas.  And the increase in compression ratio may also enhance the 
thermal efficiency in a large extent.  In general, the NOx emission is subject to the fuel mixture strength 
of the air excess ratio Ȝ in a homogeneous mixture.   And there are about 1 billion registered cars all over 
the world.  To decrease the green house gas of carbon dioxides CO2 emitted by fossil fuel vehicles, the 
conversion from conventional gasoline and diesel engine systems to the hybrid engine ones famous for 
good fuel mileage has some technical problems and high cost.  In place of the hybrid system, the 
conversion from fossil fuel internal combustion system to hydrogen one is easy and it shows the 
following advantages:   
 
x Internal combustion engine system is a mature technology  
x Large advantage in cost 
x Small number of  technical difficulties 
 
In these respects, hydrogen fuelled engine system is undoubtedly advantageous.   
For the reason, an experiment was carried out to identify the effects of the supercharging and the 
compression ratio to the output power, the thermal efficiency, NOx emission and the abnormal 
combustion as described below. 
2. Experimental Apparatus and Method 
As the test engine, a small gasoline engine shown in Fig. 1 was used only by changing the gasoline 
injectors to CNG gas ones whose fuel flow rate was about 1.3 times as much as that of the original 
gasoline ones in calorific basis.  The position of the injectors was the same as that of the original gasoline 
engine.  As can be seen in Fig. 2, the intake air was firstly compressed by a compressor outside of our 
Items Dimensions
Engine Type • Water-Cooled
• 3-Cylinder 4-Stroke
• DOHC
• Direct Injection
Displacement 658 [cc]
Bore x Stroke 68 x 60.4 [mm]
Compression Ratio 9.1
Allowable Max. Pressure 7 [MPa]
Combustion Chamber Shape • Pent Roof
Injector Type • Electro-Magnetic
• Current Controlled
• Single Hole
Swirl Ratio 0
Tumble Ratio 1.2
Valve
Timing
Intake V. Open 21 deg.CA BTDC
Intake V. Close 66 deg.CA ABDC
Exhaust V. Open 66 deg.CA BBDC
Exhaust V. Close 24 deg.CA ATDC
 
Fig. 1   Test Engine 
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engine laboratory.  The pressure of intake air was adjusted to be ambient pressure (Natural Aspiration: 
NA), 110, 135, 160 and 200 kPa abs. by a pressure regulator downstream of the compressor.  The amount 
of intake air was measured by an air flow meter.  On the other hand, the hydrogen fuel came from high 
pressure cylinders.  In case of the pre-mixture operation, the hydrogen was fed into the intake manifold 
for each cylinder at 0.4 MPa.  In case of the direct injection operation, the hydrogen was fed into the each 
injector at the injection pressure of 7 MPa.  In the both cases, the amount of hydrogen was measured by a 
mass flow meter down stream of the high pressure cylinders. 
 A flow control valve was installed in the exhaust pipe to keep the exhaust pressure equal to the intake 
one all the time in this experiment.  That enabled us to measure the actual output power by the 
dynamometer regardless of the value of intake pressure.   
The exhaust gas was sampled to measure the concentration of NOx, hydrocarbon (HC), carbon 
monoxide (CO), carbon dioxides (CO2) and the unburnt hydrogen in the exhaust gas by exhaust gas 
analyzers.  It was found that HC, CO and CO2 originated from the lubricant in the engine were as small as 
a few ppm.  Therefore, in almost experiments, the concentrations of HC, CO and CO2 were not analyzed. 
To make an analytic study of the combustion, a piezo-type pressure transducer was installed in the 
third combustion chamber flash to the surface of the combustion chamber.  The combustion was analyzed 
by a combustion analyzer for the pressure-combustion chamber volume diagram, the indicated mean 
effective pressure, the pressure rise rate, the heat release rate and the coefficient of variation in the 
indicated mean effective pressure (COV). 
The experiment was carried out by using a modified engine control unit with a personal computer all 
the time at the engine speed of 2000 rpm.  The ignition timing was set at minimum advance at best torque 
(MBT) and the temperature of cooling water was kept constant at 80 degrees C throughout the experiment. 
 
 
 
Fig. 2   Experimental Schematic Diagram 
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2.1   Supercharging 
As mentioned above, supercharging was adopted in this experiment to obtain large output power in 
lean mixture operation because the method of supercharging is one of the methods with which the output 
power is increased.  The compression ratio remained 9.1 identical to that of the original gasoline engine.  
To understand the effect of the supercharging pressure to the performance, efficiency, emissions and 
abnormal combustion, the supercharging pressures were adopted as described above. 
 
2.2   Compression ratio 
Three sorts of compression ratio were used; the original one 9.1, 10.5 and 12.5.  However, the 
combustion chamber designs were different from each other because the different three pistons were 
employed in order to change the compression ratio.  Figure 3 shows the three piston designs. 
3. Results and Discussion 
3.1   Supercharging 
First of all, no abnormal combustion was observed throughout the experiment.  But the maximum 
combustion pressure measured exceeded the injection pressure so that the combustion gas went back into 
the inside of the injector nozzle resulting in the combustion pressure same as the injection pressure, when 
the combustion pressure became equal to or larger than the allowable maximum pressure of 7 MPa. 
Figure 4 shows the NOx emission obtained.  It is found as shown in Fig. 4 (a) that NOx concentration 
is independent of the intake air pressure, rather dependent on the air excess ratio ˨ expectedly.  It is also 
found at the same output power, or brake mean effective pressure (BMEP), as shown in Fig. 4 (b) and (c),  
that the NOx concentration becomes smaller as the intake air pressure increases.  This is because, at the 
same output power, the air excess ratio˨increases, namely in leaner combustion, as the intake air pressure 
increases.  Therefore, larger output power can be obtained with less NOx concentration. 
a) Compression Ratio 9.1 b) Compression Ratio 10.5 c) Compression Ratio 12.5
 
Fig. 3   Piston Designs 
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Figure 5 shows the engine performances such as (a) brake thermal efficiency ˤH, (b) coefficient of 
variation in indicated mean effective pressure (COV in IMEP) and (c) unburnt hydrogen (H2) in the 
exhaust gas.  It is found as shown in Fig. 5 (a) that the maximum brake thermal efficiency of 34 % was 
obtained at the largest intake air pressure of 200 kPa.  This is greatly attributed to the leaner combustion 
which decreases the cooling loss.  It is also observed in Fig. 5 (b) and (c) that, almost in this experiment, 
COV in IMEP was small enough and that the unburnt hydrogen in the exhaust gas was also small enough.  
At the output power lower than BMEP 0.5 MPa, it is found that the COV in IMEP and the unburnt 
hydrogen increase with the increase of the intake air pressure.  This is because the air excess ratio ˨ also 
becomes greater, namely the mixture ratio becomes too lean. 
 
3.2 Compression ratio 
 
As described above, to enhance the brake thermal efficiency, the effect of the compression ratio to the 
brake thermal efficiency was studied by using three pistons whose combustion chamber design was 
different from each other as shown in Fig. 3.  The experiment by changing the supercharging pressure 
from the natural aspiration (NA) to 200 kPa was attempted.  The engine operation with the supercharging 
pressure above 135 kPa was subject to severe knocking or the combustion pressure over the allowable 
maximum combustion pressure of 7 MPa. 
   Figure 6 shows the results of the engine operation at air excess ratio of 3.5, namely with no NOx 
emission; Fig. 6 (a) in case of the operation with natural aspiration and Fig. 6 (b) in case of the operation 
with the supercharging pressure of 135 kPa.  In these figures, the diagrams of the combustion chamber 
volume vs. the combustion chamber pressure obtained for the compression ratio of 9.1, 10.5 and 12.5 are 
described together with the compression ratio vs. the indicated mean effective pressure.  It is found as 
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Fig.4 NOx Emission 
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shown in Fig. 6 (a) for the natural aspiration that the indicated mean effective pressure decreases with the 
increase of the compression ratio.  It is also found, as shown in Fig. 6 (b) for the supercharging pressure 
of 135 kPa, that the indicated mean effective pressure increases with the increase of the compression 
ratio.  It is understood well that the larger the maximum combustion chamber pressure becomes, the more 
the indicated mean effective pressure increases.  This is attributed to the increase of compression ratio.  In 
other words, in case of the naturally aspirating operation, the work in the compression stroke becomes 
larger with the increase of compression ratio than the work in the expansion stroke does.  On the contrary, 
in case of the supercharging operation, the work in the compression stroke becomes smaller with the 
increase of compression ratio than the work in the expansion stroke does. 
 
4. Conclusions 
 
Potential of large output power, high thermal efficiency, near-zero NOx emission, supercharged, lean-
burn, hydrogen fuelled, direct injection engines was demonstrated.  The following conclusions have been 
obtained. 
 
• The NOx emission is independent of the intake air pressure, rather dependent on the air excess ratio 
expectedly.
• The maximum brake thermal efficiency of 34 % was obtained at the largest intake air pressure of 200 
kPa in this experiment. This is greatly attributed to the leaner combustion which decreases the cooling 
loss. 
Engine Operating Condition:
n=2000 rpm, MBT, WOT
(a) BMEP vs. Brake Thermal Efficiency
(b) BMEP vs. COV in IMEP (c) BMEP vs. Unburnt Hydrogen
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Fig.5 Engine Performance 
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• The larger the maximum combustion chamber pressure becomes, the more the indicated mean effective 
pressure increases.  This is attributed to the increase of compression ratio.  In other words, in case of the 
naturally aspirating operation, the work in the compression stroke becomes larger with the increase of 
compression ratio than the work in the expansion stroke does.  On the contrary, in case of the 
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Fig.6 P-V Diagrams  
462   Kenji Nakagawa et al. /  Energy Procedia  29 ( 2012 )  455 – 462 
supercharging operation, the work in the compression stroke becomes smaller with the increase of 
compression ratio than the work in the expansion stroke does. 
• This supercharged, lean-burn, hydrogen-fuelled, direct injection engine described in Fig. 1, is suitable 
for the power source of hydrogen-fuelled vehicles.  
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